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Abstract 

We discuss off-shell contributions in Higgs decays to heavy gauge bosons H —7> El/(*) 
with V G {Z,W} for a standard model (SM) Higgs boson for both dominant production 
processes e+e” —?> ZH —>■ ZVV^*'' and e+e" —^ i/uH —^ at a (linear) e“''e“ col¬ 

lider. Dependent on the centre-of-mass energy off-shell effects are sizable and important 
for the understanding of the electroweak symmetry breaking mechanism. Moreover we 
shortly investigate the effects of the signal-background interference in iJ —^ 77 decays for 
the Higgsstrahlung initiated process e“'"e“ —>■ 2^77, where we report a similar shift in the 
invariant mass peak of the two photons as found for the LHC. For both effects we discuss 
the sensitivity to the total Higgs width. 


Talk presented at the International Workshop on Future Linear Colliders (LCWS14), 
Belgrade, Serbia, 6-10 October 2014. 



1 Introduction 


After the discovery of a scalar boson at the Large Hadron Collider (LHC) [HE] a major task of 
particle physics is the precise determination of its couplings and its mass in order to reveal the 
mechanism of electroweak symmetry breaking and to determine whether it is the standard 
model (SM) Higgs boson. Recently two interesting effects to test the underlying nature 
were discussed at the LHC, a measurement of off-shell Higgs boson decays into heavy gauge 
bosons as well as a shift in the invariant mass peak of the two photons in Higgs boson decays 
to photons, the latter due to signal-background interference terms. Both - under certain 
theoretical assumptions - are sensitive to the total Higgs width. It is timely to discuss 
the two effects for a (linear) e^e“ collider, not only for what concerns constraints on the 
Higgs width, but also to elaborate on the phenomenological consequences of the effects. We 
subsequently first discuss off-shell Higgs boson decays to heavy gauge bosons and afterwards 
the signal-background interference for Higgs boson decays to photons. 


2 Off-shell effects in H ^ 

In this section we want to discuss off-shell effects in Higgs boson decays H —>• VV^*'^ with 
V G {Z,W} at an e+e“ collider, where we focus on both production processes e"’'e“ —)• ZH 
and e"’'e“ —)• For a more detailed discussion we refer to Ref. [3], where also the 

relation between the mass and the total width of the Higgs boson and the complex pole of 
the propagator is presented. In accordance to the LHC Higgs cross section working group 
(LHC-HXSWG) [I] we choose the total width = 4.07 • 10“^ GeV for a SM Higgs boson 
with mass mjf = 125 GeV in the subsequent discussion. 

Following Refs. |5| for the case of the LHC, it is well established that the kinematic region, 
where the invariant mass of the two gauge bosons rriw in H —)• VV^*'^ exceeds twice the gauge 
boson masses 2mv', contributes a sizable fraction of several percent to the total inclusive cross 
section gg ^ H ^ VV^*\ A combination of on- and off-shell effects was identified to allow 
to constrain the total Higgs width [6|, however under strong theoretical assumptions [7|- 
Obtained experimental bounds from the GMS and the ATLAS collaboration can be found 
in Refs. |8|, where apart from the gluon fusion production process a similar effect for vector- 
boson fusion was used. Recently a discussion of the off-shell effects for an e'’'e“ collider was 
carried out in Ref. [3j with many analogies to the LHC discussion. Subsequently we shortly 
summarize the findings: The large off-shell contribution to the total process e"*“e“ —)• ZH 
and e'''e“ —>• vvH with the Higgs boson decays H —>• WW^*'^ and H ZZ^*'> (see Fig.[Tj 
for Feynman diagrams) can be understood as inadequacy of the zero-width approximation 
(ZWA) in the description of the process. Using it for the production and decay part of the 
process one can define |5| 
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which we later compare to the description given by the off-shell production cross section 
according to mu 
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For two processes additional comments are on order: For e'’'e —)■ vvW~^W apart from 
the contribution which involves an s-channel Higgs boson in the off-shell region corresponding 
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Figure 1: Feynman diagrams for the two dominant production processes (a) e'’'e —?■ ZH 

followed hy H ^ VV^*^ and (b) e"''e“ — i/i^H followed hy H ^ VV^*\ 


to the approximation given by Eq. ([2]), also the t-channel Higgs boson exchange between 
the gauge bosons is of relevance and thus added to the Higgs boson induced contributions. 
Secondly for e"’'e“ —>• ZH —>• ZZZ it is a priori unclear which two out of three Z bosons 
originate from an intermediate Higgs boson. We thus also average over the three possible 
invariant mass combinations rnyv, which however induces on-shell Higgs boson events to 
contribute in the off-shell region ruzz > ‘^ruz- For what concerns the gauge invariance of our 
discussion, the inclusion of higher order contributions or initial-state radiation we refer to 
Ref. [3]. 

We show the differential cross sections dajdmzz for e"'“e“ —)• ZH and e'''e“ —)• ui>H 
followed by Ff —)• ZZ^*'> for different centre-of-mass (cms) energies ^/s = 250, 350, 500 GeV 
and 1 TeV, but a fixed polarisation of the initial state being Pol(e+,e“) = (0.3,—0.8) in 
Fig.[2j Our results are obtained using FeynArts, FormCalc ^ and MadGraph5_aMC@NL0 [lOj . 
As indicated for e'’'e“ —)• ZZZ we average over the three possible invariant mass combinations 
of ZZ pairs presented by the red, dot-dashed curve, but also present the result obtained by 
the usage of Eq. ([2|). Similarly, we show the differential cross sections for both production 
processes followed by FF —>• in Fig.[3l where we add the red, dot-dashed curve including 

the t-channel Higgs boson induced contributions. In both Figs. [5] and [3] we also show the 
total differential cross section for the specific final state as blue curve, thus including the 
contributions from background diagrams with the same final state. For a detailed discussion 
of the background we refer to Ref. [3]. 

In order to quantify the relative importance of the off-shell signal contributions we define 
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with the inclusive cross section for a lower and upper bound of masses 
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and (0, y/s — ruz) as well as y/s). Aqs is hardly sensitive 

to the boundary value between on- and off-shell contributions at 130 GeV. We present the 
polarisation independent values Aog as a function of the cms energy in Tab.[TJ As it can be 
seen from Tab.[T]the off-shell contributions reach 0(10%) for large cms energies. Naturally, the 
on-shell Higgs cross section is much dependent on the precise numerical value of the Higgs 
mass, whereas the off-shell contributions are insensitive to the latter value. In extended 
Higgs sectors the off-shell contributions of the light SM-like Higgs can interfere with on-shell 
contributions of a heavy Higgs, as it was demonstrated for a linear collider in the context of 
a 2-Higgs-doublet model in Ref. [3]. Similar findings were reported for the LHC in Refs. m- 
The Z recoil mass measurement is the first step of a unique method to obtain the Higgs 
width at a linear collider, often named Z recoil method [12]. It is only hardly affected by 
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Figure 2: daldnizz in fb/GeV as a function of ruzz in GeV according to Eq. ([U (ZWA) 
(black, dashed) and Eq. ([2]) (black, solid) for (a,c,e) e^e“ —)• ZH —)• ZZZ for cms energies 
^/s = 250, 350, 500 GeV (top to bottom) and (b,d,f) e"''e“ —)• ui?H —)• vvZZ for cms energies 
-y/fi = 1000, 350, 500 GeV (top to bottom) with a fixed polarisation Pol(e"'“,e“) = (0.3, —0.8). 
The calculation of e'’'e“ —>• ZH —^ ZZZ with an average over the ZZ pairs is presented by 
the red, dot-dashed curve. The complete calculation e'''e“ ^ ZZZjvvZZ is depicted by the 
blue curve. 
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Figure 3: da/drriww in fb/GeV as a function of m^w in GeV according to Eq. ([T]) (ZWA) 
(black, dashed) and Eq. ([2]) (black, solid) for (a,c,e) e+e“ —>• ZH ZWW for cms energies 
^/s = 250, 350, 500 GeV (top to bottom) and (b,d,f) —)• uvH —)• vvWW for cms energies 

^/s = 1000, 350, 500 GeV (top to bottom) with a fixed polarisation Pol(e"'',e“) = (0.3, —0.8). 
We add both s- and t-channel Higgs induced contributions for e^e“ —)• uvWW as red, dot- 
dashed curve. The complete differential cross section including background diagrams yielding 
the same final state is depicted as blue curve. 
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ZZZ 

Wff 

A 

^off 

^VVZZ 

‘^off 

A VVZZ 

250 GeV 

(3.12)3.12 fb 

(0.03)0.03 % 

0.490 fb 

0 . 12 % 

300 GeV 

(2.40)2.36 fb 

(1.83)0.46% 

1.12 fb 

0.40 % 

350 GeV 

(1.82)1.71 fb 

(7.77)1.82% 

1.91 fb 

0.88 % 

500 GeV 

(0.981)0.802 fb 

(24.1)7.20% 

4.78 fb 

2.96 % 

ITeV 

(0.341)0.242 fb 

(50.9)30.9 % 

15.0fb 

13.0 % 


-ZWW 

A ZWW 
^off 

-vvww 

‘^off 

A lypww 

^off 

250 GeV 

76.3 fb 

0.03 % 

(3.99)3.98 fb 

(0.12)0.13% 

300 GeV 

57.7fb 

0.42 % 

(9.08)9.07 fb 

(0.26)0.29% 

350 GeV 

41.4 fb 

0.92 % 

(15.5)15.5 fb 

(0.43)0.49 % 

500 GeV 

18.6 fb 

2.61 % 

(38.1)38.2 fb 

(0.96)1.21 % 

ITeV 

4.58 fb 

11 . 0 % 

(108.9)110.8 fb 

(2.78)4.45 % 


Table 1: Inclusive cross sections Uofr for e+e“ —?■ ZH —)• ZVV and for e'’'e“ —>• vvJi —)• vvVV 
for a polarisation of Pol(e'’',e“) = (0.3,—0.8) and relative size of the off-shell contributions 
Aoff in %. The results averaging over the ZZ pairs for e'’"e“ —)• ZZZ and taking into account 
the t-channel Higgs contribution for e'’'e“ —?■ I'iyWW are added in brackets. 


off-shell contributions to Higgs boson decays into heavy gauge bosons at low cms energies 
Vs = 250 - 350GeV [3]. Contrary off-shell contributions provide their own method of 
constraining the Higgs width, when combining them with the on-shell measurement of Higgs 
boson decays, however we pointed to the strong theoretical limitations. To demonstrate its 
limitations compared to the Z recoil method we simulate the process e^e“ vi? + 4jets 
using MadGraph5_aMC@NLD [10| and MadAnalysis [T3]. For the specific settings of cuts on the 
external particles to distinguish the final states and to reduce background we refer to Ref. [3] . 
If at the same time the Higgs to gauge boson couplings and the total width entering the 
on-shell cross section are varied such, that the on-shell cross section remains constant, the 
off-shell contributions develop a dependence on the Higgs width. Thus, the total number of 
events with an invariant mass of the four jets m^j > 130 GeV can be ultimately expressed in 

the form [3] _ 

N(^r) = No{l + RiV^ + R2r) + NB , (5) 


where r = Tj^/T^ and Nq, Nb, Ri, R 2 are constants. The linear dependence on r stems 
from the Higgs boson induced off-shell contributions, whereas the ^/r dependence is induced 
from Higgs to background interference terms. 

We show the normalised event rates N{r)/N{l) for a cms energy of y/s = 1 TeV in 
Fig .21 where we add in addition the exclusion range of r and thus F^^ for different integrated 
luminosities, which is based on the 95% uncertainty band following a simplistic Bayesian 
approach [2j. The sensitivity to r for large y/s is even for quite high statistics lowered by 
the interference terms of Higgs induced diagrams and background diagrams, which lead to a 
minimum of N{r) in the vicinity of one. A similar reduced sensitivity around r ~ 1 applies to 
the LHC analysis [3]. At an e+e“ collider Higgsstrahlung induced processes are less affected 
by the negative interference, but often limited by low statistics. 


3 Signal-background interference in > 77 

Subsequently we discuss the signal-background interference in FI —>■ 77 at an e^e“ collider 
for the Higgsstrahlung process and comment on the differences for the vector-boson fusion 
process. As pointed out in Ref. m for the gluon fusion Higgs production channel at the LHC 
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Figure 4: Normalised event rates N(r)/N{l) as a function of r for e'’'e —)• + 4jets for 

y/s = 1 TeV with 95% uncertainty bands for different integrated luminosities. 


the mass peak in Ff —>• 77 is shifted from interference with background, which is meanwhile 
worked out in more detail and at higher orders m- A similar shift is also expected at an 
e'’'e“ collider as we demonstrate below. Again we performed a calculation using FeynArts 
and FormCalc [9] at lowest order and implemented the Higgs-photon-photon interaction as 
effective vertex given by m 


H 
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dvr 
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Fi(4m|,/m2^) + ^ Nfe)F^/2{4.m) 
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( 6 ) 


where determines the invariant mass of the photons, Nf = 3(1) for quarks (leptons) with 
electric charge ey and mass my and Gp denotes the Fermi constant. The functions Fi and 
Fi /2 can be found in Ref. [14] . Making use of the effective vertex in Eq. ([S]) example Feynman 
diagrams for the signal and the background for e'’'e“(—^ ZH) —^ -^77 are shown in Fig.O 



Figure 5: Feynman diagrams for e'’'e —)■ Z'j'j classified as (a) signal and (b) background. 

We start with the discussion of the background for both production processes. In order 
to avoid infrared singularities we apply a cut on the photon energies of E.y > 20 GeV and 
to take care of collinear singularities we cut on the photon pseudorapidity \r]j\ < 2. Similar 
cuts were already applied in previous works [IIKITj. A cut on the transverse momentum 
Pt leads to similar findings. For e^e“ —>• .Z ’77 Fig. [ 6 ] (a-c) show the cross section as a 
function of the invariant mass of the two outgoing photons in fb/GeV for cms energies 
^/s = 250, 350, 500 GeV. The integrated inclusive cross section is in accordance to Ref. [IT] 
and a calculation with CalcHEP [18] . The differential cross section is reproduced with the 
help of MadGraph5_aMC@ML0 [TO]. In case of e'''e“ —)■ ZFl the Higgs is likely to have a non¬ 
vanishing transverse momenta, which leads to two photons with a small opening angle. Thus, 


6 























the background and therefore also the signal-background interference is lowered, when the 
maximal value of \r]^\ is increased and/or the opening angle between the two photons is 
restricted to small values. 

The background around ~ mn follows a rather smooth behaviour, which allows its 
subtraction by a side-band analysis and therefore the determination of the mass peak and 
its shift due to the signal-background interference. The maximum in /dm^^ close to 
~ niH stems from the applied cuts and shifts by lowering/increasing the minimal photon 
energy E^. Cross sections for the pure background contribution, named < 7 ^, and the signal 
contribution as can be taken from Tab.[2j The contributions of the interference term cj/ to 
the inclusive cross section are negligible. All contributions scale equally with the polarisation 
of the initial state in case of e'*'e“(—)• ZH) —)• Z 77 , thus the relative ratio between signal and 
background is independent of the polarisation. The same applies to e'’"e“(—>• vvH) —?■ 
for large y/s, where the Z ^ vv induced final states are of minor relevance. 




Figure 6 : da jdm^^ in fb/GeV as a function of in GeV for e''"e —>• Z 77 with cms energies 
(a-c) -y/i = 250, 350, 500 GeV for Pol(e"'',e“) = (0.3,—0.8) and E-y > 20 GeV, \r]^\ < 2. 



_Z77 

aZ-y-y 
^ B.cut 

a^i-y 

250 GeV 

260 fb 

51.10fb 

0.89 fb 

300 GeV 

194 fb 

38.88 fb 

0.67 fb 

350 GeV 

152 fb 

29.76 fb 

0.48 fb 

500 GeV 

87 fb 

11.90 fb 

0.21 fb 

ITeV 

30 fb 

1.75 fb 

0.05 fb 


Table 2: Inclusive cross sections for e"*'e“(—?■ ZEf) —>• Z 77 separated in signal and background 
contributions for Pol(e'’', e~) = (0.3, —0.8) and for different cms energies y/s. The background 
in the “signal region” is defined by as, cut = (TB(110GeV, 140 GeV) in the notation of Eq. (H]). 

In Fig. [7] we focus on the signal contribution as, being the process e'’'e —^ ZH —^ ^ 77 , 
and the signal-background interference as+i in the window around « 125 GeV using the 
described cuts and polarisation of the initial state. The photon energies are usually smeared 
by detector effects, which thus need to be discussed by the experimental collaborations. We 
convoluted with a Gaussian function with a Gaussian width of d = 1 GeV. The resulting cross 
sections are denoted a^. This convolution lowers the height of <75 ag and as+i — >■ crf+j, 
but broadens the peaks accordingly. The mass shift is therefore enlarged. For the case of 
Fig. [7] the smeared mass peaks are shown in Fig.[5J In case Z boson decays are considered in 
addition, more background diagrams get involved and thus affect the shift of the mass peak. 

To quantify the shift we closely follow Ref. [Hj . Supposing that the experimental collab¬ 
orations reduce the background by a suitable side-band analysis, we are left with the shifted 
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Figure 7: das/dm^^ (black, solid) and as+i/dm^^ (red, dot-dashed) in fb/GeV as a function 
of in GeV for e'''e“ —Z 77 for (a-c) = 250, 350, 500 GeV. 


o 


O 

b 





Figure 8 : Smeared da^ /dm^^ (black, solid) and agj_j/dm^^ (red, dot-dashed) in fb/GeV as 
a function of in GeV for e^e“ Z 77 with d = 1 GeV for (a-c) ^/s = 250, 350, 500 GeV. 


signal event rate. To determine the mass peak a simplistic way is given by the mean {m^^) 
within the interval [rup — 6-^, nip + 5.y], where nip is the actual mass peak of the distribution 
and 6^ is given by the experiment. Then we define m 
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A theoretical measure of the shift is given by 


Am^., = {ni^^)s^^s+i - {m^^)s-,,s ■ (8) 

We note that the experiments can access only {ni^^)s^s+i- To obtain a normalization of the 
shift, either other production or decay channels have to be considered to obtain the actual 
Higgs mass or alternatively different kinematic regions in 77 —?■ 77 allow for the observation 
of different shifts. The latter method can e.g. be nnderstood by applying different cuts on 
the transverse momentum pT or the angle between the two photons. A detailed detector 
simulation is on order, which is beyond the scope of our considerations. We instead try to 
quantify the effect using the theoretical measnre as a function of 6^ and present Am^^ 

for two Gaussian widths ct = 1 and 1.5 GeV in Fig. [9] (a) for different cms energies. 

The large background for e''“e“ —>■ Z 77 at low cms energies y/s induces a sizeable shift Am^^. 
For low values of 6^ the mass shift Am^^ corresponds to the actual difference between the 
two peaks of the distributions after Gaussian smearing as given in Fig. [51 For large values of 
> 2d the mass shift Ani^^ increases linearly, since more of the tail of the signal-background 





















Figure 9: (a) in GeV as a function of <5^ in GeV for e'''e“ —)• Z 77 with cms energies 

^/s = 250 GeV (blue), 350 GeV (red) and 500 GeV (black); (b) in GeV as a function of 

6^ in GeV for e+e” ^ Z 77 for ^/s = 500 GeV with F^ = 1 MeV (red), 4.07MeV (black) and 
15 MeV (blue). Both figures include two Gaussian widths & = 1 GeV (solid) and d = 1.5 GeV 
(dashed). 

interference is included. To show the dependence of the shift on the width F^ of the Higgs 
boson, we perform a similar analysis as in Section [2] and change the Higgs width in com¬ 
bination with a rescaling of the HVV couplings to leave the inclusive on-shell Higgs cross 
section constant. For simplicity we rescale all HVV couplings including the loop-induced 
Higgs boson to photons coupling equally. Apart from the SM value we pick the Higgs widths 
F^ = IMeV and F^ = 15 MeV. Fig.[S](b) shows as a function of 6^ for different values 

of F^ for y/s = 500 GeV. The mass shift, being of the order of 0(100 MeV), shows a clear 
dependence on the Higgs width. Similar findings and shifts in the invariant mass peak of 
the two photons can be obtained for the vector-boson fusion process, but we leave a detailed 
presentation to future work. 

4 Conclusions 

We quantified the shift of the invariant mass peak in Higgs boson to photon decays H —)• 77 
induced by the signal-background interference at an e+e“ collider for the Higgsstrahlung 
process e^e“ — Z'j'y. The observed mass shift is strongly dependent on detector effects, 
but expected to be in the range of 0(100MeV). Similar effects occur for the vector-boson 
fusion induced Higgs production process and both allow to access the Higgs width. Similarly 
we quantihed off-shell contributions in H —)• with V E {Z,W} for both production 

processes for different polarisations and cms energies. At larger cms energies ^/s > 500 GeV 
they contribute 0(10%) to the total Higgs boson induced cross section. Whereas the Z recoil 
method at low cms energies is thus safe from off-shell contributions, the off-shell region allows 
to extract the Higgs boson to gauge boson couplings in different kinematical regimes and 
thus to test the electroweak symmetry breaking mechanism. The determination of the Higgs 
width from a combination of on- and off-shell measurements in Higgs boson decays to heavy 
gauge bosons - besides relying on strong theoretical assumptions - is mainly limited by the 
negative signal-background interference term in the off-shell region. 
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